The algorithm behind the bispectral index (BIS) value incorporates three sub-parameters: the relative b ratio, derived from the power EEG spectrum; the SyncFastSlow, expressing relative synchrony of fast and slow waves derived from bispectral analysis; and a suppression ratio (SR) that quantifies the proportion of burst suppression (BS) EEG pattern or isoelectric activity. 1 2 Several studies have reported a correlation between too deep anaesthesia and poor outcome after general anaesthesia. Monk and colleagues 3 suggested that a cumulative deep hypnotic time, defined by a BIS value below 45 , was an independent predictor of 1 yr mortality after major non-cardiac surgery. Three recent studies also strongly suggested an association between a cumulative duration of intraoperative low BIS value and postoperative mortality after cardiac 4 5 or non-cardiac surgery. 5 6 However, none of these studies reported the occurrence of SR. The BS EEG pattern is characterized by alternating periods of normal to high voltage activity changing to low voltage or even isoelectricity rendering the EEG inactive in appearance. 7 8 The burst SR is a time domain EEG parameter developed to quantify this phenomenon. 8 To calculate this parameter, suppression is recognized as periods longer than 0.50 s during which the EEG voltage does not exceed approximately +5.0 mV. The time in a suppressed state is measured, and the SR is reported as the fraction of the epoch length where the EEG is suppressed. 9 Correlation between the SR derived from BIS analysis and the BS surface EEG pattern during general anaesthesia has been reported. 10 11 SR is believed to be a strong, synchronized outflow of thalamic discharges to a widely unresponsive cortex. 12 The proportion of isoelectric periods is higher with increasing anaesthetic drug concentrations, until eventually the EEG pattern becomes completely isoelectric. 13 14 This suggests that SR could be an indicator of too deep anaesthesia. 1 14 15 SR is also seen during coma or brain death but never during physiological sleep. 16 Several case reports also suggest that SR could be associated with intraoperative metabolic disorders such as hypothermia, 17 18 hypoxia, 19 hypoglycaemia or vascular brain injury, 18 20 -22 and to brain death. 23 -26 However, little is known about the prevalence and risk factors associated with the occurrence of SR during BIS monitored anaesthesia. 7 22 27 The main goal of this study was to describe the onset, occurrence, and risk factors for SR during general propofol-remifentanil anaesthesia maintenance.
Methods

Study design and BIS monitoring
We conducted a post hoc analysis of two European multi-centre trials recording intraoperative BIS in 1494 patients undergoing elective surgery (intracranial excepted) under general anaesthesia. Adult patients with cerebral disease or with chronic use of psychotropic drugs, cardiac pacemaker patients and pregnant or breast-feeding women were not included. Patients (n¼914) were included in the PosoAnes trial (registered with ClinicalTrials.gov, number NCT-00896714) and Boucle-N 2 O trial (n¼580; NCT-00547209). For both trials, a dual closed-loop controller was used allowing the automated titration of propofol and remifentanil guided by the BIS. The controller measures and calculates the difference between the setpoint (BIS¼50) and the measured BIS. If different from 0, the controller determines a new concentration of propofol, remifentanil or both using the pharmacokinetic model of Schnider and colleagues 28 for propofol and the model of Minto and colleagues 29 for remifentanil. The error size determines which drug will be modified: if the BIS error is small only the remifentanil is changed, if the BIS error is higher, the two drug concentrations are modified. 2 The PosoAnes trial was an observational study, designed to identify factors influencing anaesthetic drug requirements such as the time, type, and duration of surgery. We planned to recruit 4500 patients. The Boucle-N 2 O trial was a randomized controlled study designed to determine the sparing effect of 60% nitrous oxide on propofol and remifentanil requirements. This trial demonstrated that the sparing effect of nitrous oxide was limited to 6% for propofol. The occurrence of at least one episode of SR.10% was not significantly different between patients receiving nitrous oxide or not. 2 In all patients, patient characteristic data, past medical history, and duration of surgery were recorded. Upon arrival in the operating theatre, a dedicated indwelling venous catheter was connected via a three-way Smartsite w (Alaris Data collection and study groups Two groups of patients were defined a priori when designing the study: the SR group included the patients who had at least one episode of SR value .10% lasting more than 1 min consecutively during maintenance of anaesthesia, and the control group included the remaining patients. For each patient, the highest SR value was also identified, and we calculated the proportion of patients in each of the following SR categories: 0-5, 6-10, 
Analysis of BIS -SR relationship
For further insight into the relationship between BIS and SR, we analysed BIS values and effect-site concentrations of propofol and remifentanil in the 5 min before, during (t 0 ), and 1 min after SR occurrence (t +1 ).
Statistical analysis
Statistical analysis was performed in our Biostatistics Department using SAS 9.02 software (SAS Institute, Cary, NC, USA , and duration of surgery was recorded in three categories (≤2, 2-4, and .4 h). All P-values are two-sided and P,0.05 was considered statistically significant.
Results
Age distribution, duration of surgery, proportion of patients with a past medical history of coronary artery disease (CAD), and the average normalized dose of propofol of patients included in PosoAnes or Boucle-N 2 O trials differ only slightly (Table 1) . Therefore, for the analysis, the data of the 1494 patients [age¼57 (17) yr] could be aggregated.
We recorded 3742 h of closed-loop anaesthesia during which 217 074 target modifications of propofol or remifentanil were made by the controller. One hundred and thirty-one (8.7%) patients experienced at least one episode of SR values .10% for more than 1 min during maintenance of anaesthesia, and constituted the SR group. In these patients, a total of 257 episodes of SR were recorded. The percentages of patients in each SR category in the total number of patients and in the SR group are given in Figure 1 .
The result of the univariate analysis comparing the SR and control groups is given in Table 2 . Age, male gender, ASA physical status, past medical history of CAD, congestive heart failure or diabetes mellitus, T BIS 40 -60 , intraoperative use of antihypertensive medication, and average doses of anaesthetic were the variables included in the multivariate analysis. The main independent factors associated with occurrence of SR were advanced age, past medical history of CAD, and male gender ( Table 3 ). The distribution of different age categories for the SR group is shown in Figure 2 .
The analysis of the individual recordings focused on the period surrounding the occurrence of each episode of SR allowed us to individualize three distinct patterns (Fig. 3A -C and Table 4 ). Pattern A, observed in 118 (46%) cases, was characterized by the recording of at least one BIS value .60 in the 5 min period before SR occurrence (representative recording shown in Fig. 3A) . In pattern B, observed in 90 cases (35%, Fig. 3C ), BIS value was ,40 at SR occurrence (t 0 ), and no BIS value .60 was reached in the 5 min period of recording before SR occurrence. In pattern C, observed in 49 (19%) cases, BIS values recorded in the 5 min period before occurrence and at onset (t 0 ) of SR value .10 were within the target range (Fig. 3B) . The effect-site concentrations of propofol and remifentanil, calculated by the controller, and their changes in the 5 min period were compared between the three patterns using Tukey's post hoc analysis and are given in Table 4 . Finally, 118 or 0.5‰ target modifications by the closed-loop controller were followed by SR.
Discussion
The main finding of this study was that the occurrence of transient periods of BS or isoelectric activity, attested by the recording of SR value .10 for more than 1 min, was observed in 8.7% of patients undergoing different types of non-cardiac surgery during propofol -remifentanil anaesthesia. Main independent factors associated with SR were advanced age, past medical history of CAD, and male gender.
Ageing was an independent risk factor of SR, with an odds ratio .10 in patients over 80 yr of age. This may be related to the alteration in anaesthetic drug pharmacokinetic and pharmacodynamic responses in the elderly. 28 29 Interestingly, age-related SR occurred, although the dual closed-loop controller that we used took into account the pharmacokinetic particularities of the older patients by using the models of Minto and colleagues 29 31 and Schnider and colleagues 28 32 in order to reduce the risk of drug overdosing.
However, these two models were determined using a limited number of healthy volunteers in clinically controlled conditions and not in elderly patients suffering from several co-morbidities. An alternative explanation of the age-related occurrence of SR is linked to the modification of skull conductivity induced by ageing. 33 Elderly patients could have reduced skull conductivity that alters the EEG signal collection which could lead to a higher incidence of SR during anaesthesia. On the other hand, our results show that SR was less prevalent in women. Several studies have already shown sex-related differences in the pharmacodynamic effect of anaesthetic agents and support our findings. 34 35 SR is a processed EEG marker of BS that is automatically computed and displayed during BIS monitoring. 10 SR is an estimate of the suppressed EEG amount observed over the last minute. The instantaneous BIS value is a weighted, nonlinear combination of core features, including the SR. 8 The weight of the SR to calculate BIS is itself a function of SR. SR has no contribution to BIS for SR,10%, it has linearly increasing weight as it increases, and completely determines BIS when .50%. 1 Using the 15 s smoothing rate, the EEG used in calculating the current non-suppression component of BIS uses the last 15 s of artifact-free EEG available in the 1 min history buffer. So, if SR ,10% and assuming no artifact in the recent past, BIS provides an average picture of the patient state that is on average 7.5 s old (i.e. half of the smoothing rate duration). If there is an artifact, then the average age of the data used is older because the algorithm has to look at older data to find artifact-free data to use. If there is more than 45 s of artifact in the last minute, then there are insufficient data to calculate a BIS index. If SR.50% so that BIS is completely determined by SR, then the calculation window is roughly 1 min long. In the absence of artifact and using a 15 s smoothing rate, the average delay of EEG used in the BIS increases from 7.5 s for SR,10 to 30 s for SR.50. SR could easily be used intraoperatively by anaesthetists without technical expertise in EEG monitoring. However, intraoperative incidence of SR is poorly described, as in most trials studying depth of anaesthesia, analysis is centred on BIS rather than on SR values. Furthermore, its incidence may vary depending on the definition used. 36 Thus, the impact of SR occurrence and of the duration of time spent with SR is unknown. In the current study, we chose to compare patients with and without at least one value of SR.10% during more than 1 min, and we acknowledge that this choice may be considered as arbitrary. It was made: (i) to avoid the inclusion of patients with a very short period of SR, (ii) to limit the risk of including patients with a single value of SR due to artifacts, and (iii) because an SR value of .10 is the lowest value of SR computed in the BIS index calculation. (6) 42 (5) 49 (8) 0.002
Congestive heart failure 58 (4) 31 (4) 27 (5) 0.22
Chronic renal failure 90 (6) 57 (6) 33 (6) 0.67 Hypertension 405 (27) 240 (26) 165 (28) 0.35
Diabetes mellitus 106 (7) 65 (7) 41 (7) 0.50
246 (16) 149 (16) 97 (17) 0.84
Duration of surgery* 0.0004 (48) 470 (51) 241 (42) 2-4 h 559 (37) 325 (36) 234 (40) .4 h 224 (15) 119 (13) 105 (18) T BIS, 40 19 (17) We found that SR.10 was frequently associated with a deep level of anaesthesia attested by a BIS value of ,40 at the onset of SR (Table 4 ; patterns A and B). 7 37 We found that 46% of the SR episodes were associated with at least one episode of BIS value above 60 in the 5 min period before SR occurrence (pattern A), followed by a significant increase in effect-site concentrations of anaesthetic agents. The fact that SR may have been favoured by the rapid deepening of anaesthesia induced by the closed-loop controller in the case of BIS value.60 or a rapid BIS increase could be expected as these two factors are taken into consideration by the algorithm of the system, whereas it does not compute SR to adjust anaesthetic infusion rates. 2 In some cases, SR occurred when BIS values in the 5 previous minutes were within the target range (pattern C), suggesting that the anaesthesia controller should not be considered as the sole mechanism of SR occurrence. Furthermore, during the 3742 h of BIS recording, more than 210 000 changes in effect-site concentration of propofol or remifentanil were made by the controller without SR occurrence. As such, other factors may be involved in SR occurrence in these cases, and several hypotheses can be raised. Hypovolaemia or changes in cardiac output have been shown to modify the pharmacokinetic -pharmacodynamic models of the anaesthetic drugs and may have favoured the occurrence of both deep anaesthesia and SR. 38 On the other hand, haemodynamic impairment may induce a decrease in cerebral blood flow that may favour SR. In this regard, several case reports or short series have shown a relationship between SR and cerebral injury from various origins, including traumatic injury or hypoxaemia. 19 20 39 40 Our study was not designed to address this issue, as intraoperative haemodynamic parameters or patient outcome was not recorded. SR monitoring could also identify periods of excessive anaesthesia, not detected by the calculation of the BIS value itself. One hypothesis is that propofol anaesthesia specifically induced spindle activity that does not exist during anaesthesia using volatile agents. 41 artificially increase the BIS value measured without any effect on the SR measurement. Another hypothesis is supported by the fact that most of the patients concerned in this discrepancy showed a high effect-site concentration of remifentanil (Table 4 and Fig. 3C) . A specific effect of such a concentration of remifentanil on either propofol concentration, recently reported by Yufune and colleagues, or on EEG signal, as suggested by other studies, could lead to SR without significant impact on the BIS value. 44 45 However, interaction between the opioid and hypnotic was not specifically addressed in this study. As this is a post hoc analysis of previous clinical trials, this study carries some limitations. Patients were primarily included in two different prospective, multi-centre European trials. Nitrous oxide was used in patients in the Boucle-N 2 O trial. BIS 40 -60 , BIS ,40 , or the occurrence of SR were similar between the two groups despite the use of nitrous oxide. We consider that we can aggregate patients included in these two trials since the same inclusion and exclusion criteria were used.
Another limitation is that we arbitrarily chose an SR threshold of 10%, although we do not know if such an SR value could be harmful. However, the effect of ageing on the presence of SR was unchanged whatever the SR threshold chosen. Anaesthesia was conducted using a dual closed-loop of propofol and remifentanil in all patients that permitted maintenance of anaesthesia in the target range in 76% of total anaesthetic time. The performance of the controller can be considered as adequate if compared with manual control of anaesthetic infusion by anaesthetists, reported in the literature, with a percentage of time spent in the target ranging from 49% to 77%. 46 -49 Moreover, we recently reported that manual control of propofol and remifentanil increases by three-fold the occurrence of SR when compared with the closed-loop control. 2 On the other hand, these results might not be applicable to patients receiving volatile anaesthesia. We have not recorded the raw EEG, and thus cannot eliminate that the occurrence of SR was related to artifact, decrease in EEG total power in an ageing population, or spindles. Studies including simultaneously raw EEG, continuous arterial pressure, intra-cranial perfusion, and brain metabolism are necessary to determine the weight of these different parameters in SR genesis. Patient outcome was not recorded.
In conclusion, during BIS-controlled propofol and remifentanil anaesthesia, the occurrence of SR value .10 during more than 1 min is mainly observed in elderly male patients. The presence of SR could be an early sign of too deep anaesthesia. The question of the mechanisms of these periods of EEG BS or isoelectric activity is unknown and can be related to haemodynamics, metabolism, or drug overdosing. The potential consequences for the patient's postoperative outcome should be established in a prospective study.
